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C dra coefficient# " ]2/

.1

i CDo basic drag coefficient (drag coefficient with propeller off)
e effective drag coefficient

,CDrun = drag coefficient measured during test with propeller operatingS(includes thrust and drag)

CD • pressure drag coefficient

CDT - non-dimensional thrustq Tq23

CL n lift coefficient, L/qU2/3

Cy sideforce coefficient, y/qV2/3

C M pitching moment coefficient -/ql;

Cn 0 yawing moment coefficient N/ql

C? a rolling moment coefficient 9/qg

Cm hi rotary moment coefficient

CL rotary lift ooefficientq
T

CT - thrust coefficient /con 2 J)4

C - power coefficient, BHP (550)

/C 3 D;
04 1 angle of attackp degrees (positive • nose-up)

Se a elevator deflection, degrees (positive - T.E, down)

13 propeller blade angle setting, degrees CT
T1 a propeller efficiency (apparent usually implied)p - (V/nD)

A • apparent propulsive or propeller efficiency

a effective propulsive or propeller efficiency

D U propeller diameter (or drag)

D * hull pressure drag

p
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Do effective drag (Do -AD)

I dynamio stability index

L - envelope or hull length

R - Reynold's Number based on hull length$ VL/ O

T propeller Thrust

To * effective propeller thrust (T - AD)

V or Vo - freestream or wind tunnel velocity

VL - local velocity in boundary layer or wake

V1  - local velocity in boundary layer or wake

V2  - theoretical velocity far downstream in wake

3;- HIll volume

HL - local total head pressure

PL - local static pressure

P o  Ifreestreum static pressure

.HP - horsepower (also brake horsepower)

kx W theoretical longitudinal inertia coefficient

r W local hull radius. or distarece from hull, or distance from
hull center line

p/q - non-dimensional hull static pressure

n a propeller revolutions per second

V/nD a propeller advance ratio

q or qo 0 freestream or wind tunnel dynamic pressurep , 4V2/2

0 distance from hull nose

TP a wind tunnel velocity setting

GAD 0 Goodyear Airoraft Corporation

Trans, 0 Transcendental Aircraft Corporation

NASA a National Aeronautics and Space Administration

I
NOTE, A preceding any symbol denotes the chanGe in the parameter due to

S-- propeller operation
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* This report presents an analysis of the results of a wind tunnel investi-
gation of the aerodynamic and propeller characteristics of two wake pro-
"peller configurations tested on a 1/20-scale powered model of a modified
ZPG-7 airship. In addition, the report compares the characteristics of
these configurations with the characteristics of a fin-mounted powerplant
arrangement and a conventional oar-mounted powerplant configuration
previously tested on the same basic model hlll, All tests were conducted
in the NASA Full--Scale Tunnel at Langley Field, Virginia,

The evaluation of the two wake propellersp one designed by Goodyear
Aircraft Corporation and the other proposed and designed by another
company, indicated that the Goodyear wake propeller was superior in that
the alternate wake propeller did not produce sufficient thrust for the
higher velocities contemplated, It is shown that a wake propillor deo
signed for a specific wake velocity distribution will produce propulsive
efficiencies approaching 100 percent and will agree with the theoretically

C predicted values for such a propeller, The wake propeller propulsive
efficiencies for the design condition are approximately 30 percent higher
than the maximum efficiencies obtained for conventional airship propellers
operating in friestream conditions.

i • The GAC wake propeller configuration, the fin-mounted powerplant configura-
tion, and the conventional car nountod powerplant configuration are
compared on the basis of the effects of the various propulsive systems

.6 on the performance, stability and control of an airship. The wake pro-
preller configuration (with propeller operating) produces an increase in
endurance (or range) of approximately 30 percent over the other configurations

F :with no appreciable change in stability and control charaoteristics due
Sto the propeller, The fin-mounted powerplant configuration results in a

significant improvement Ln stability and control characteristics (with
propellers operating) over either of the other two oonfigurations s with
propeller efficienoies comparable to normal airship propellers.

CE
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This report summarizes and compares the results of a wind tunnel in-
* vestigation conducted in the NASA Full-Scale tunnel at Langley Field,

Virginia on a 1/20-soale model of a modified ZPG-3 airship with four
propulsive system arrangements, This is the final report required to be

'. submitted under Budeps Contract NOa(s) 54-900op Lot VI9 Amendments 5, 10
and 14, It was the original intent to make this report a final summary

report of all four configurations tested but since the requirement for a
separate analysis report for the two wake propeller configurations were
deleted by Amendment 14 of the subject contraot1 it is necessary to
include much of the analyses of these configurations in this report so
that all data from which summary comparisons and conclusions are obtained
will be readily available for referal and to provide continuity and
completeness of the data obtained for all propulsive arrangements. The
results of the investigations of the car-mounted and fin-mounted powerplant
configurations are presented in Reference a.

A major advantage of the investigations now completed is that all con-
figurations utilized the same basic airship model (hull and empennage)
and were all tested in the same wind tunnel facility at practically
identical conditions, thus resulting in data that can be compared with
very little regard to corrections due to variable test conditions and
instrumentation, The models wei-o tostzd at licynold's Nuimbex-s f_'cm
12 x 106 to 18 x 106 compare• to the full scale flight regime of approxi-
mately 100 x 106 to 350 x 100 which though not exactly adequate for
accurate simulation of full-scale drag values it is better than most
airship model tests and the comparative drag effects of the various models
should have been acceptable and are all that were to be expected from
the tests.

One of the major purposes of these investigations is to evaluate the
various propulsive arrangements and to determine the best configuration
for any future application to airships or to pssible application to similar
bodies such as submarines. This involves both the evaluation of the
propulsive efficiency of the whole system and the effect of the system
on the vehicle stability and control, The tests of the conventional oar
(or outrigger) mounted powerplants configuration are used as a basis for

. comparison and also to evaluate the iffects of its propulsive system on
the well-knovm stability and control characteristics of unpowered models:

The fin-mounted powerplant arrangement has been investigated as a system
that would both decrease the noise and vibration level in crew quarters
of an airshipp resulting in greater crew comfort and effioienoys, and give
significant increases in stability and control of the airship. Two stern
propelled or wake propeller configurations have been tested, The primary
advantage of such configurations is that the propeller operates in the

wake of the, airship hull, which is an area of reduced looal velocities
compared to freeutream conditions, and thus propulsive efficiencies
approaching or greater than 100% can be attained with less expenditure

CONFIDENTIAL
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of power than with airship propellers operating in freestream conditions
which normally attain efficienoies of only 70% to 85%. The theory and
study of wake propellers is not new but very few systematic attempts
have been made to properly design such a propeller and to prove that such
a design will aetually produce the predicted efficiencies and performance.
In addition very little experimental data is available of the effect of
pitch, yaw, or control surface deflection on the prf .)ulsive efficiency
or of the effect of the wake propeller operation on the aerodynamic
oharacteristicoc stability and control of the airship.

An analytical study embodying the latest information on the design of a
propeller operating in the wake of a body was conducted and presented
in Reference b. From this study Goodyear Aircraft Corporation designed
a wake propeller for the 1/20-soale airship model on the bazis of wake or
boundary layer measurements made on the model during previous tests on
a dummy tail cone (reference i) at the proposed location of the wake
propeller. This wake propeller, hereafter referred to as the GAC propeller
was installed and tested on the 1/20-scale model of a modified ZPG-7W
airship.

In addition to the GAC propeller, the subject contract required the
contractor to fabricate and test a model wake prcpeller• similar to a
helicopter rotor, designed and proposed by General Development Corporation
and subsequently Transcendental Aircraft Corporation, Design information
for this configuration, referred to as the Transcendental Propeller or
Rotor, was obtained from References o and d and the contractors inter-pretation and model concept of their design was approved by personnel

. associated.with the project,

Figures l thru 5 present a descriptive arrangement and photographs of the
IGAC and Transcendental Wake Propeller configurations, Figures 6 thru 15

present the wake characteristics for which the GAC propeller was designed
and pertinent propeller design data and curves.

The first portions of this report presents the analysis of the wake
propeller configurations and the second portion compares all configurations
tested on the basis of performance, stability and control.

•' CONFIDENTIAL
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III ANALYSIS OF THE WAKE PROPELLER CONFIGURATIONS

A. Description of Test and InstrumentatLon

Detailed descriptions of the test, test program, instrumentation
and models are given in References (e) and (f) and only a brief
description will be given in this report. The 1/20-scale model
consisted of a scaled version of the ZPG-3W envelope or hull with
the inverted "Y" empennage utilized during the car-mounted power-
plant tests. The complete model was mounted on a single strut
from the wind tunnel balance system which also provided pitch
actuation. In order to accommodate a strain-gage drag beam
device for more accurate drag measurement during these tests
a much larger (in height or depth) car than the normal ZPG-3W
car tested on the other configurations was fabricated and in-
stalled for all the wake propeller tests. The motor which
provided power to the propeller was mounted in the aft end of
the hull on a strain-gage mount which measured propeller thrust
and torque.

Boundary layer total qnd static pressure surveys were made during
the propulsive efficiency evaluations at two stations, one and
two propeller radii forward of the GAC propeller plane. The rakes
were mounted on the hull 600 from the top center-line so that the
fin and ruddervator influence was negligible or minimum. Wake
surveys also were coraiucted one fool all of the propeller plane
for all major propeller efficiency tests. In addition, the hull
was provided with 25 flush mounted static pressure orifices
located along the side center lines of the hull to provide infor-
mation about hull pressure distributions with and without propeller
operation. All these additional data were acquired to provide
information about the effect of wake propeller operation on the
parameters measured and to provide a possible basis for propeller
design improvements or in the case of hull pressure to evaluate
the change in pressure drag of the airship hull due to the
propeller.

Basically the test program consisted of a propeller or propulsive
efficiency portion wherein data was obtained for a range of
operating conditions for each propeller and a second portion

which evaluated the effects of propeller operation on the aero-
dynqnic 'h raterist1ics e to nitrh -nd elevator deflection and
conversely the effects of pitch (angle of attack) and elevator
deflection on the propeller efficiency. Since the model was
mounted on the tunnel balance system, six component force data
were measured for most portions of the test program.

C] i CONFIDENTIAL



aA

[ ,J"._.J;.B..:'2 __2 ".. ""_ ..

S~ CONFI DENTIAL

It should be noted that all caloulations and data for these tests
are based on data obtained from NASA as preliminary data on
S13 May 1960. Since this time, some of these data have been
corrected by NASA personnel and it is felt that, with all
corrections which were forwarded to the contractor by NASA,
the data now employed represents the final data which is or
will be presented in Reference (f). During the present analysis
some apparent discrepancies have been discovered or noted and
whenever possible were relayed to NASA personnel for their con-
sideration and utilization.

The propeller efficiency evaluations were conducted at two free-
stream tunnel velocities in order to cover the operating range
for the propeller blade angles (13 ) invesrigated. The two tunnel
velocity settings utilized are often referred to as the twelfth
ard twenty-first tunnel points or in abbreviated form, 12TP and
21TP, and correspond to freestream velocities of approximately
94 ft/sec and 140 ft/sec respectively with the slight variances
in velocity at a setting being mainly a function of temperature,
humidity and air density.

The GAC and Transcendental Wake Propellers were each tested at
three blade angles for the following range of advance ratios
(V/nD), power coefficients (Cp), and thrust coefficients (CT)

Propeller Blade V/nD Cp CT
Angle Range Range Range

GAC 150 0.5 to 1o0 0 to .05 0 to .09
GAC 200 0.6 to 1.35 0 to .075 0 to .11
GAC 250 0.7 to 1.6 ,02 to .12 0 to .13

Trans. 200 0.5 to 1.2 .03 to .065 .02 to .09
Trans. 250 0.6 to 1.4 .045 to .10 .04 to .10
Trans. 300 0.5 to 1.5 .085 to .145 .08 to .11

B. Propulsive Efficiency Evaluation

1. Apoarent Efficiency (%l)

Figures 16 thru 19 present the measured variations of
propeller thrust and power coefficients with advance ratio
for both the GAC and Transcendental configurations and were
obtained from the strain-gage instrumented motor mount. The

CON4FIDENTIAL
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"apparent propeller efficiency (Tt1) is obtained from these
data from the conVentional formula;

A= CT (0inD)

and the results are plotted in Figures 20 and 21 for the
two propellers. These efficiencies are denoted as apparent
efficiencies since they do not truly represent the propulsive
efficiency of the whole system of the vehicle and propeller.

During the tests of the Transcendetal propeller. it was noted
that for the recormmended blade angle of 170 (Ref. c) and also
at 150 and 200 insufficient thrust was developed by this
propeller to match the drag at V t' 140 ft/sec (21TP). In
an attempt to increase the propeller thrust the Transcendental
test program was changed and all tests were conducted for
blade angle settings of 200, 250, and 300. Although this
increased the thrust. to some extent it was still deficient
and less than the model drag at the ZlTP velocity. Con-
sequently, tests were conducted at RPM's up to 8000, or
3000 RPM above those programmed, with the propeller thrust
still being less than the drag at V 'H 140 ft/sec. Due to
st~ress i..io k .'o for- sot pnd nperation it was not advisable
to run these propellers over 8000 RPM and no further attempts
were made to obtain more thrust. The apparent efficiencies
for the Transcendental propeller atT=D for V '' 94 ft/sec are
less than the comparable apparent efficiencies for the GAC
propeller at T = D at thisvelocity and at V •' 140 ft/sec.
Therefore, since the Transcendental rotor configuration
produced lower apparent efficiencies and did not produce
sufficient thrust at V 2! 140 ft/sec it is not considered
desirable to continue with any further analysis effort on
this configuration. Reference (f) presents data showing
the thrust deficiency for the Transcendental propeller with
V Y 140 ft/sec.

2. Effective Efficiency (Te)

The effective efficiency in moving the airship through the
air must take into account alL drag increments which are a
direct result of the wake propeller operation or its pro-
pulsion system. These include such drag losses (or increases)
as propeller blade profile drag and any increase in the airship
frictional drag and profile or pressure drag due to propeller
operation. Generally the predominant increase in drag is
produced by the reduction in positive pressures over the
extreme aft end uf the airship hull due to propeller operation.
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The increase in frictional drag due to the increased

velocity in the boundary layer with the propeller running
is relatively small since only a small portion of the hull
is affected (approximately 5% Lto 8%L at the aft end).
The effect of propeller profile drag on the wake propeller
efficiency was investigated in Reference (b) and generally
it can be conservatively concluded that this might, reduce
the apparent efficiency by 10 to 20 percent depending upon
the propeller RPM. This reduction is extremely difficult
to estimate exactly since the profile drag of a wake pro-
peller is also dependent upon the amount of turbulence in
the wake. It should also be recognized that the measured
thrust of the model propeller includes the propeller drag
and therefore is accounted for in our data analysis.

Regardless of the origin of the increases in drag due to the
wake propeller the total change in drag could be evaluated
from the measured drag with the propeller off and that
measured with the propeller operating and utilized to
determine the effective efficiency of the configuration.
The change in total drag due to propeller operation would
be subtracted from the measured thrust to obtain the
effective thrust utilized to propel the airship with a
wake propeller.

a. Change in Drag Due to Wake Pro)eller Operation

It was recognized early in the planning stages of these
tests that the highest possible accuracy in the measure-
ment of drag would be required to yield acceptable values
since the changes in drag would usually be the difference
between two relatively small numbers. Therefore, NASA
personnel designed and fabricated a drag balance instrumented
with strain-gages that was to be mounted in the airship car
and attached to the main tunnel support strut. This drag
balance would be free of strut tare drags and would only
require correction for the effect of strut-car interference
drag. It was predicted that the accuracy of this balance
would be at least -0.1 pound of drag. The size of the
drag balance necessitated the fabrication by NASA of a
larger (deeper) car as noted previously to accommodate
iL, buL urforLunaLely eith•r Lhe balance deflection:
exceeded expectations, or excessive vibration was present,
or the car was just not large enough and much of the data
was not usable due to apparent fouling between the car and
drag balance device. Therefore, rather than try to guess
or find which data was good and which bad all data obtained
from this source has been discarded as inaccurate and thus
drag data of prnbable high accuracy is not available.

C
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SThere are two alternate means of drag change evaluation
available; the first is evaluation of the drag measured
by the wind tunnel balance system and the second is the
determination of the pressure drag from the integration
of the hull pressure distributions measured during the
propeller efficiency evaluation. Both methods are con-
sidered to be less accurate than the desired accuracy as
the stated accuracy of the tunnel balance system is in the
order "+.2 lb for drag and it has always been recognized
that the integration of a single row of hull static pressures
(with their possible fluctuations and inaccuracies) is not a
highly accurate procedure to determine pressure drag. How-
ever, since the determination of the drag change due to the
propeller operation is absolutely necessary for th'e evalua-
tion of the propulsive efficiency, which is needed to prove
the wake propeller theory and concepts, an attempt has been
made to evaluate the drag by the two alternate methods.

(1) Drag Evaluation from Wind Tunnel Force Balance System

The first attempt to determine the drag change due to
propeller operation was made directly from the measured
drag coefficients for the various operating conditions
along with the measured propeller torque or power.
The drag chainges which are sought are mainly: those due
to the axild w(-1(cit5, Lncruasc in the propeller area
and their effect on hull pressures and from classical
and experimental propeller theory the axial velocity
increase due to a propeller is primarily a function of
the thrust coefficient (CT). Therefore, the measured
differences in drag coefficient frcm the propeller
running and the propeller off were plotted against
CT. These data are very erratic and could riot be
faired into any logical variation and were abandoned
as being too inaccurate.

A second evaluation of the tunnel force system data
was conducted on the basis of the following derived
method. If we define the effective drag coefficient
(Cne) as the difference in the drag measured with
the propeller off and the drag measured with the
propeller m•nning the follow-ing rellation-ship, of the
items measured can be determined when it is understood
that the tunnel balance system also "feels" the thrust
of the propeller or the net drag (or thrust) of the
whole airship system.
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Let C = Drag coefficient without propeller
D 0 or basic model drag coefficient

CDru Drag coefficient with propeller~run running

Then: CDe = CDo CRun = C1) - (GDe + ACD - CDT)

where; &CD = increase in drag due to propeller operation

CDT = measured propeller thrust converted to
drag terminology

T
CDT = meas.

q V 2/3

This equatior reduces to the form:

CDe = CDT - ACD

It can also be shown that CD is proportional to or
can be converted into the effective thrust (T - AD)
and then into the effeccLive thrusL coeff'icienit (CTe
from which the effective efficiency can be determined.

By definition and since the previous derivation shows
that the effective thrust (Te) is equal to the effective
drag (De) then:

Te = De

CTe Io n2 D4PROP = CDe q V2/3

or CT oe 1/20 V2V2/3 C 2]2/
orCe 24 Oe2

to n2D4 PROP n2D PROP

2 ,2/3
CDe YD ) (2D-PROP

Substituting the given values of the (volume)2/3 and the
propeller diameter the following relationship is established
for the GAC propeller data.

Ce 4.025 (CDe)

1 Ce nD
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or

32

C .025 (cDo Cru) ( V )2
CDV

thn ie G e- C V 4.25C -- run-=

3 _____ i__ e ___________Vl__

Cp DC

With this equation, utilizing the actual measured values
Of C , 4.02, (CD Cand faired values of C obtained from
Figur 17,rtpe effective efficiency ir d

slightly different manner although the same data as before
is utilized. These effective efficiencies are plotted
against the propeller advance ratio in Figure 3C.

Another slightly different variation utilizing these same
basic data can be obtained by plotting CD vs h/nD as
presented in Figure 37 and using the faired variations of
both CD and C in the above equation. These data for
aite are prso plotted in Figuru .8.

(2) Pressure Drag Evaluation from Hull Static Pressure
Distributions

It is usually considered that the major change in drag of
the airship due to the wake propeller is due to the change
in hull pressure drag as noted previously.

Therefore since the propeller profile drag is included
in the measured thrust and if it is assumed that the
change in hull frictional drag is small or negligible,
the evaluation of the pressure drag for the various
propeller conditions should result in a close approxi-
mation of the total drag change.

Naturally since it will be used for every data point of the
"poipeieIn uperaLtiig i'auiga the .iagnitude of t- e pressure
drag of the hull without the propeller is very important.
The hull static pressures were obtained for the propeller-off
condition but due to faulty camera operation (improper lens
opening) during this particular set of tests the pictures
of the manometer tubes were extremely faint and the fluid
levels could not be accuratelyi read although many attempts
were made to increase their legibility by use of photo-
graphic techniques, magnifying glasses and other means.
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The best values obtained were erratic and did not
compare at all with theoretical values or masurements
made on other models as given in References (g) and (W).
Therefore it was necessary and judged to be valid to
utilize hull pressure data obtained with the propellers
running at very low RPM and practically zero thrust.
Tests of this nature (approx. zero thrust) for both
propellers (GAC and Transcendental) at each blade angle
were utilized in determining the average pressure dis-
tribution over the hull length for both tunnel test
velocities. The average values of the hull static
pressures for these approximately zero thrust conditions
are plotted in Figures 22 and 23 and compared with
measured hull pressures from other model tests of
References (g) and (h). These comparisons indicate
that the utilization of the low thrust average static
pressures as zero thrust or power values is a reasonable
or very good substitution as the various distributions,
especially compared to the Reference (g) data, show
excellent agreement.

It can be shown that the pressure drag of an airship can
be obtained by integrating the area of the curve formed.
by plotting the non-dimensional hull static pressures
against the square of the local hull radius at the longi-
tudinal locition of the pressure orifice.

The resultant mathematical expression is:

r •

or

Figures 24 and 25 present the variation of the quasi-
propeller off non-dimensional hull static pressures
plotted against the square of the local radius corresponding
to the longitudinal location of each orifice for the two
freestream tunnel velocities utilized during these tests.
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Integration of these curves yield pressure drag
ooefficients of 0.0059 and 0.0054 for the 12T?S(V 94 ft/sec) and 2 (1P (V V V* ft/seo),
respectively. These two va1~es represent and are
used as the airship pressure drag coefficients for
the propeller off or zero thrust condition. As an
indication of their relative accuracy Figure 26 plots
these values as a function of Reynold's Number along
with pressure drag coefficients obtained from Reference
(g) and (h) data.

The hull static pressure distributions for all the GAC
propeller operating conditions of the efficiency evaluation
were plotted in the same manmer as Figures 24 and 25 and
were integrated to obtain the pressure drag for each
condition and the corresponding increase in drag due to
propeller operation. Typical variations of these power-on
data are given in Figures 27 through 35 for both the GAC
propeller and the Transcendental propeller. The GAC
propeller data is for the design blade angle of 6 = 200
and the various curves show the decrease in positive
pressure over the aft portion of the hull as the propeller
thrust (or CT)increases, resulting in an increase in
pressure drag and thus a larger change in pressure drag
with respect to the propeller off condition. Since the
hull contour and the local axial velocity determine the
hull pressures and because the increase in the axial
velocity due to a propeller is primarily a function of the
thrust coefficient, the increases in pressure drag for the
GAC propeller are plotted in Figure 36 as a function of Of
for the three blade angles investigated at each tunnel
velocity.

The variations of &C • with CT in Figure 36 indicate that
in these tests the chahge in pressure drag is highly
dependent on the propeller blade angle and freestream
velocity. The valup of AkCD increases with decreasing
blade angle. It was at first believed that there should
be very little effect due to the relatively small dif-
ference in the two velocities utilized. As will be shown
in a later section of the report, there are differences
in the non-dimensional boundary layer and wake velocities for
the two tunnel velocities employed which might ne a reason
for the dependence on freestream conditions. An additional
factor which might contribute to the variation of drag
change with freestream velocity is one of the possible
reasons for the drag coefficient differences at the two
tunnel velocities as measured on the tunnel balance system
for the propeller off condition. These values corrected for
strut tare effects and other standard corrections resulted
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in C% values of .0208 ard .0215 for the 12 TP and 21 TP,
respectively. Since the lower velocity (12TP) has a lower
drag coefficient, which is contrary to normal test values
obtained at Reynolds Numbers within the turbulent flow
regime, it might be concluded that the lower TP tests, which
have a Reynolds Number of approximately 12 x l16, are either
experiencing laminar flow conditions or possibly are in the
transition region. The majority of airship test data indi-
cates that this test should have had turbulent flow at this
Reynolds Number although it is close to the transition region
and therefore it is possible that a lower total drag coef-
ficient could have been measured. It is also possible that
the car drag might have an appreciable effect on these values.
During tare evaluations car drag coefficients werc ascertained
with the CD0  at the 21 TP being almost twice as large as
that at thec12 TP. If these measured car drag coefficients
are subtracted from the measured total drag coefficients,
the resulting values of CD = .0189 for the 12TP and CD =
.0183 for the 21TP show a more normal relationship with the
airship Reynolds Number. Although the exact reasons as to
the behavior of the 6CDP values can only be theorized at
this time, the values plotted are accepted along with the
knowledge that the integrations of these curves based on
hull pressures along one plane are subject to possible
inaccuracies.

Values from the faired curves of Figure 36 were converted
into drag values in pounds and utilized with the measured
thrust, velocity and horsepower to obtain the effective
efficiency from the following equation.

TL (T _ &Dp) V TVe ¥

550 BHP 550 BHP

2/3
Where ADp = ACDp q 2 , lbs ( ACDp from Fig. 36)

T = Measured thrust, lbs.
Te = Effective Thrust, lbs.
V = Freestream tunnel Velocity, ft/sec

B11P = Horsepower obtained from measured torque

The results of these calculations for the GAG wake
propeller configuration are plotted in Figure 38 along
with the efficiencies obtained frcm the drag measurements
of the tunnel balance system.

C
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b. DIsBuion of Effective Efficierdo

The effective propulsive efficiencies for the GAC wake
propeller at three blade angles as determined by the three
methods discused previously are shown in Figure 38 along
with the apparent efficiendes (% ) obtained from Figure 20.
The most evident item is the separate variations of Tev
calculated from the hull pressure drag, for the two velocities
involved along with the decreasing variance (less separation
between the two velocity curves)as the blade angle is in-
creased. In general, the three methods for obtaining 'Ie
agree fairly well at low V/nD (high thrust values) but show

marked disagreement at high V/flD (low thrust values) and
in fact the effective efficiencies derived from force data
show unrealistic values at high advance ratios (above
V/nD = 1.0). It is believed that this is due to the in-
accuracy of all the measurements including drag, thrust, and
torque which are relatively small in this range. The shape
and magnitude of the effective efficiency curves were
expected to correspond to those indicated by the evaluations
of the pressure drag except for the variation with the two
velocities. Since thrust measurements were corrected for a
"base pressure" existing on the motor mount without the
propeller, it is possible that this "base pressure" correction
varied with the RPM or thrust of the propeller although no
data is available from which this effect could be evaluated.
The variation with velocity cannot be satisfactorily explained
aside from theorizing about the relative effect of the pro-

peller thrust on the non-dimensional pressures on the aft
hull (for the two velocities) which were measured and found
to differ even with zero power. The decreasing effect of
velocity with increasing blade angle indicates that the
velocity effect might be due to propeller characteristics
not envisaged in the design.

The boundary layer and wake velocity measurements discussed
later in this report show some differences for the two veloci-
ties and might have some effect on the efficiencies. However,
reference (b) investigated theoretically the influence of a
different wake velocity distribution on a particular wake
proptAller's characteristics which indicated minor differences
in the efficiencies obtained and defini.tely not as large as
the 12% approximate difference shown for the two velocity
conditions obtained from the p'.ssure drag evaluations at
the design V/nrD of .91 and blade angle of 200.

At the design conditions for the propeller (,4 = 200,
V/nD = .91, T=D=20 lbs, BHlP • 5, V = 140 ft/sec) an
eaffective efficiency of approximately 98% had been predicted

CONFIDENTIAL



_ _. .. . .. . . . . -

CONFI DENTIAL W

in Reference (e). The plotted test data of the various
i. methods at V/nfl = .91 ranges from Rfe = 86% toflle- 104%

with almost exactly 98% being observed from the pressure
drag data at VY o 94 ft/sec. Though it could be claimed
that the predicted efficiency was obtained or exceeded
by most of the data, and that a wake propeller can thus
be designed that will produce predicted efficiencies and
thrust, and will absorb a certain amount of power; it is
probably more appropriate to state that the theories and
design of wake propellers have been essentially substan-
tiated but that some items need further analysis and
investigation or must be ignored on the basis of the
accuracy of the determination of mi.

When it is considered that the preferred method of drag
"evaluation could not he utilized, the effective efficiency
variations of Figure 38 are almost better than could be
expected but do not yield quantitative values which could
be used in any exact performance comparison that would show
the distinct advantages of this type of propulsive system
over the conventional or fin mounted powerplant arrangements.
General comments and info-mation pertaining to the performance
characteristics are made in Section IV of this report.

C. Effect of Anvle of Attack and Elevator Deflection on Wake Propeller
Efficiency (7Lj)

The effect of angle of attack and elevator deflection was measured
on the model subsequent to the basic efficiency evaluation.
Figure 39 shows a comparison of the efficiency data obtained
during the basic propeller evaluation and the efficiencies
obtained for three power settings (RPM~s) at or near thrust
equals drag for a range of angles of' attack from -100 to +100
and an elevator deflection range from +200 to -200. The apparent
efficiencies obtained during these tests at 0(= 00 and 8 e = 00
are identified and a curve drawn through them while most of the
other data is not identified explicitly but just shown as a value
to establish an envelope curve for comparative uses. Figure 40
shows the effect of angle of attack on 7tp, for the three power
settings, while Figure 41 plots the variation of N uith
elevator deflection, and Figures 42 and 43 show the effect of
combined elevator and ang½e of att.ark nn the apparent efficiency
for one or two power settings only. The following conclusions are
derived from these data:

(a) AtOM= 00 the effect of elcvator deflection on'f A is
negligible up to 100 or 200 (T.E. up or down) with a maximum
increase due to 200 down elevator of three percentage points
being measured at the low.st power setting (highest V/nD).
(bee Figure 41)
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(b) There is a steady deerease in with + & with an
average maximum decrease for the three powr settings
of approximately 8 percentage points at DL= + 100
(See Figure 40).

(c) Disregarding the point at negative oe-s obtained for'
the low power setting since they appear to be in error,
it can be seen that the efficiency increases slightly

to 0( = -50 and then decreases to an efficiency at
O0(= -l10 which is only slightly less than the efficiency
measured at CC= 00. (See Figure 40)

(d) The effects of combined elevator and angle of attack are
generally the same as for plain elevator and plain angle
of attack with the effect ofeCpredominating and relatively
small effects due to elevator at any particular attack
angle. (See Figures 42 and 43)

A few comments are in order with regards to the comparisons
presented in Figure 40 and the values obtained from the lowest
power setting of 4220 RPM (V/nD " 1.018). Figure 40 shows
data points at CC= -30 and QC= -5.5 that definitely appear
to be in error and not at all consistent with other values.
This discrepancy also is shown in Figure 39 where these values
form a r-roup• onr tin• r fCo- v-i,- aC , 111 _:i 0hAt. are
inconsistent. Therefore it appears that these data points
should probably be discarded. Also shown on Figure 40 is
a curve representing a probable variation of I with cC
for the lowest power setting which would indicate a fairly
large difference in the value of Tn, at c(= 0 over the actual
measured value. It was first felt that this curve would be
more correct but the comparisons shown in Figure 39 show the
great majority of data points for other se's and o(.'s at
this ¥/nD occurring in a general envope of all data points
measured in a manner tending to support the actual measured
value at Oe.= 00. Therefore, there is an indication that the
apparent efficiervies determined at the time of these later
tests were different than those determined during the basic
propeller efficiency evaluation tests. The magnitude of the
difference is shown in Figure 39 and if it is correct either
indicates the lack of repeatibility for similar corditions due
to inaccuracies in the measured data or varying flow or wake
conditions existing during the tests.

In conclusion it can be stated that normal elevator only
deflection has little effect on the wake propeller efficiency
while the effect of angle of attack is variable but should not
exceed a 10% reduction for normal airship angles of attack in
excess of +5%.

C
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DO. Effect of Wake Fropeller on Aerodynamio Characteristies

The effect of the wake propeller on the non-dimensional lift,
pitching moment, and drag were obtained for three power conditions
at or around thrust equals drag in addition to these values with
the propeller off. Figures 44a, 44b and 44c present these data
as well as comparative data obtained from the car-mounted and fin-
mounted powerplant configuration tests. All drag data has been
corrected for wind tunnel support tares and their variation with
angle of attack. The effect of the wind tunnel support strut on
lift and pitching moment is generally small and since it is not
included in the car or fin mounted powerplant data it is not
utilized in these plots for the wake propeller configuration,
All lift data has been corrected for direct propeller thrust
components in a manner similar to that utilized in Reference (a),

1. Drag Coefficient

Since the elevator effect on drag coefficient was not obtained
for the zero power condition and since the actual drag coefficient
magnitudes from such tests are not utilized for full-scale work,
only the changes due to the wake propeller are imp~ortant and
these are only available for the zero elevator condition. In
most respects the drag coefficient increase due to effects of
the thmre -''• ,,t~t L 1 -,i,:,.I 1.; f:,i'•y inmi for-' hrooutghout
the angle of attaick range at S. = 0 with increasing drag
occurring with increasing RPM or thrust. The maximum increase
in drag coefficient due to the highest power condition utilized
in these particular tests is in the order of ACD ý0055,
occurs near O(. = 0, and represents an increase of approximately
25 percent over the power off condition. The increase in drag
coefficient appears to be slightly smaller at high negative and
positive angles of attack but it would be conservative to
assume equal ACD for all attack angles. Of course this ACD
at a high attack angle represents less percentage increase in
drag over that at the same attack angle for power-off. In
order to illustrate the effects of varying power with the
elevator deflected, the data for = ±200 is plotted in
Figure 44a although data for propeler off is not available.
The majority of this data also shows uniform effects of power
similar to that observed at Se r 0 with probably no signi-
ficant increase in LCD (change in drag due to propeller
operation) over that observed at 8 e = 0, Lf a value of drag
coefficient without power is estimated.

It therefore aprears reasonable to conclude that the angle
of attack and elevator deflection has little effect on the
drag coefficient increase due to the wake propeller operation
for the conditions tested. The drag coefficients plotted in
Figure 44c are pure drag in that the measured thrust has been
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Ri •added to the measured T - D, but it should also be noted that
thrust was only approximately equal to drag around zero angle
of attack, zero elevator and the highest power condition and
no attempt was made to simulate T = D for other conditions
although essentially they would represent such a condition at a
lower velocity which would also occur on an actual airship
flying with constant power at various angles of attack and
elevator deflections,

2. Lift Coefficient

The lift coefficients with the wake propeller off >--c.r various
ozs and ae'S are compared in Figure 44a with similar data
from the Reference (a) tests and show fairly good agreement
in most respects. The slight differences which do exist are
probably due to the larger car on the wake propeller configu.-
ration, slightly different tares due to different support
arrangements, and general data repeatibility and accuracy.
Curves are drawn through the power-off data at 6e 00 and
data points (corrected for direct thrust effects) are shown for
the three power conditions investigated. The other wake
propeller curves for various P,+ s are just faired curves
through the power.-on data. The lata at S, = 00 for which
power-cff data is availat ! !T,.- no par'ticulariy consistent
behavior due to the wake propeller operation with data at.
one angle of attack showinrg no change in lift coefficient and
data nt other angles of attack indicating reductions or increases
in lift. The maximum change in lift coefficient measured is in
the order of CL = t.004 which for a full-scale ZPG-3W airship
flying at 5000 ft altitude with an airspeed of 50 knots is equal
to less than 500 lbs of lift. Since all the power-on data points
exhibit changes which are small and vacillating, it can be con-
eluded that the wake propeller has no effect upon the lift
characterist ics.

3. Pitching Moment Coefficient

The variation of the pitching moment coefficient with angle of
attack and elevator deflection for the GAC wake proveller bon-
figuration at various power conditions Is given ir vigure 44 b
along with comparative data for the car and fin mounted power-
plant configurations. Power off (or wake propeller off) data
is only available for S 00 on the wake propeller configuration
and a curve is drawn through these points. The curvms drawn
through the other wake propeller data represent faired curves
through the three power or thrust conditions tested to give an
indication of the shape of the curve even though pmrpeller off
data is not availabieo It is immediately apparent that the
wake propeller configuration data with or without the propeller
does not exhibit the same pitching moment characteristics as
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the oar and fin mounted powerplart configurations. Extensive
plotting and analysis of car and/or fin mounted powerplant

e pitching moment data has shown that for negative angles of
attack the wake propeller data show fairly reasonable agree-
ment (or explainable variatins) but no such agreement can
be shown for positive angles of attack, especially at
Cý. = +9.50. The initial reaction to the observed discrepancies

was that it might be due to the additional drag of the larger
car utilized on the wake propeller configuration since it has
already been shown that the lift curves for the various con-
figurations are essentially similar.

In conjunction with tare drag evaluations of both models the
drags of the two different cars were measured and the measured
drag coefficient of the large car at 0V_ 00 was 0.0032 while
the small car had a drag coefficient of 0.0010 which gives a
change in drag due to the larger car of .0022. This car drag
increase would only increase the pitching moment coefficient
by approximately 0.0010 compared to the change shown in
Figure 44b at OC= 00 of 0.0130.

Actual total drag data comparisons for the various models at
0( = Re = 0 show a maximum difference between the fin mounted

and wake propeller confignuration of 6CD = .0068. (It should
be noted that ftif rnprs,0.nt. ,ii cxtreme value which was dis-
carded as ocing in error.) This value, assuming it all came
from the car, would still only change the pitching moment by a
Cm of approximately 0.0032.

Examination of the wake propeller configuration pitching
moment tares indicates that they are relatively small, exhibit
nearly the same magnitude throufjout the attack angle range,
and would not change the shape or magnitude of the wake propeller
data to any significant degree and might even increase the dis-
agreement at lQw positive attack angles.

The addition of the tail cone for the wake propeller has been
studied and it is considered that this should not affect the
lift centroid enough to produce the measured differences in
pitching moment coefficient,

Usually, in airship stability analyses the possiltlity of an
upwash from the car affecting the tail surfaces has been
considered negligible and various model tests and calriilations
have supported this assumption. However, since all other
attempts to explain the measured differenres io pitching
moment characteristics have not been successful it is proposed
now, without definite proof, that the larger (deeper) car might
have rculted in upwash effects on the lower tails which while
producing relatively large moment changes, due to the long
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coefficient with argle of attack for the propeller off
J condition and for the propeller operating at 5000 RPM

which approximately gives thrust equal to drag at o& = 0.
It is apparent from this typical plot (others were similar)
that the effect of the propeller operation is negligible or
within the accuracy of the normal data scatter.

E. BOUNDARY LAYER AND WAKE VELOCITY MI•ASUIUMENTS

1. Non-Dime nsional Boundary Layer Velocities

The velocity in the boundary layer was obtained from two rakes
mounted on the hull at anproximately the 90 and 95 percent sta-
tions, with each rake consistirg of 14 total head tubes and 4
static pressure tubes spaced along the rake heig&t of 14 inches.
These tubes were connected to the same manometer which measured
hull static pressures and consequently the data for the propeller
off condition were very faint and difficult to read as noted in
Section I-B-2-a of this report. Therefore the data was erratic
in some instances but enough of the readings anpeared reasonable
so that curves could be faired through the data with more emphasis
attached to ouirnts that were near a static pressure tube. This
was necessary siice the NASA IBM calculation of the data assigned
a static pressure readingl to be utilized for adjacent total head
r-1 !-: r.. ý" ! , ,i :I ,! ,i ro' _'; Iti velocities deLer-
mined from total head tubes located some distance from the static
tube, due to the variation in statLic pressure in the boundary

;* layer.

The boundary layer velocity profiles are not necessary for the
analysis of the wake propeller but do shed sone insight into the
flow conditions forward of the wake propeller. In order to illus-
trate the effect:s of the wake propeller operation on the non-
dimensional boundary layer velocities typical data is presented
in Figures 46 and L47 for the propeller off, two freestream
velocities, and for three RPM or thrust conditions with the
propeller set at the design blade angle of 20 degrees. The
power off velocity ratio data for V0  1 140 ft/sec is more
regular and creditable than the measured data for Vo ' 94 ft/sec
which exhibits unnatural values between 12" and 14" above the
hull for the forward (90%L) rake.4
In propeller theories it is generally conceded that the incoming
velocities forward of the propellur can beincreased as far for-
ward as 1/2 propeller diameter while the forward rake located
one propeller diameter in front of the propeller shows increased
velocities in this region especially for the higher Vo. However,
for this velocity both the forward and aft rakes indicate
approximately the same velocity increase which is not justifiable

' from theoretical considerations. The low velocity data (Vo e
94 ft/sec) for both rakes indicate more reasonable differences
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with only asall velocity changes for the forward rake and
relatively mush larger increases for the aft rake.

The curve representing a power-on condition in Figures 46
and 47 is drawn through the data points obtained at
the highest thrust condition out except for velocity ratios
close to the hull (within 2 or 3 inches) the effect of the
variable thrust conditions is negligible with all data for a
particular distance from the hull being approximately equal
for the various power-on conditions.

2. Velocity Distributions in the Wake

The total and static pressures were measured in the wake of
the model one foot aft of the propeller plane for two tunnel
velocities (Vo) with power-off and for all conditions with
power-on. The rake employed was approximately 24 inches
high with 21 total head tubes and 6 static pressure tubes
spaced along the rake. As is custaary the NASA IBM compu-
tation assigned certain static pressure tubes readings to
total head tube readings on each side of the static and in
many cases two of the total head tubes were 2 inches from
the static tube and do not reflect the radial variation in
static pressure within the wake. This results in velocity
profiles that in certain portions of the wake look like

velocity profile curv(e' arn faired with the static pressure
variation in mind,thus resulting in smooth variations.

a. Static Pressure in the Wake

That a significant variation in wake static pressure does
occur is shown in Figures 48 and 49. The exact location
of the static pressure tubes was not known since the
contractor's information about the rake indicated only
five static tubes while test data shows six static pressure
readings, but the locations utilized are approximately
correct. Figure 48 plots both the variation in the absolute
static pressure with distance from the center line of the
airship and the variation of the non-dimensional static
pressure, for both tunnel velocities employed during the
propeller off tes:ts. It is noted that the non-dimensional
static pressures(PL/qo)vary with tunnel velocity so there
can be some error introduced in comparing propeller-off
data, obtained at the 16TP and 20TP, and propeller
operating data which was obtained at the 12TP and 21TP.

Figure 49 presents a comparison of the propeller-off non-
dimensional static pressures along with typical power-on
conditions for the GAC wake propeller at 6 = 20 degrees.

"CONFIDENTIAL
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center line of the airship for three thrust conditions for
seah of the blade angles and freestream velocities investigated
on the GAC wake propeller. These typical variations are
indicative of the efficiency of the wake propeller in "filling
in" the low velocity region existing behind an airship hull.
As was expected, the propeller shows relatively small effects
in the region near the center--line of the hull, since the GAC
propeller blade has a hub approximately 1.5 inches in radius,
and the blunt tail cone occurring forward of the propeller
blocks out almost an additional inch of propeller blade.
However, even without these limitations it is known that such
a propeller is very ineffective at the root in producing
thrust and/or slipstream velocity increase. For the lower
tunnel velocity (Vo ' 94 ft/cec) the wake velocity ratio for
maximum thrust generally r,ýaches 1.0 between 2 and 3 inches
from the origin ard at Vo =' .40 ft/sec a velocity ratio of 1.0
is obtained between 5 and 6 inches from the center line (origin)
for all blade angles.

Therefore, to further improve the efficiency of the wake
propeller the emphasis should be placed in this locality with
modifications to the tail cone and propeller hub to improve
the flow conditions and possible increased effort in the
propeller blade design near the root. It was recognized that
the model tail corwit'', 'pp - r," a:t!': I 1 .•, :

if the best for attainment of maximnum elffciency but it was necessary
to reduce fabrication costs and simplify the design. The actual
design contemplated for a full-scale application would probably
involve an arrangemunt with the propeller hbldes intersecting
the tail cone with flexible seals to prevent flow into the inter-
ior of the tail cone and still provide the ahility to change the
blade angle if this %as dcesire. The tail cone. faired to a more
efficient end, instead of a blunt cut-off, would rotate with the

__- p-mpeller. such-mproveme-ssmigh t increase t-he-propul-sive-- --
efficiency a few percent but this increase would also have to be
justified by refined analysis on the basis of the possible added
weight and complexitv of the system anrl its effect on range,
endurance and cost.

It also appears that a slight increase in the propeller
diameter might he beneficial as the wake velocity ratios show
that the ratio usually drops below 1.0 around 10 or 11 inches
from the center line. However, this is probably due to the
contraction of the slipstrem•i ard jit.s decrease (or reversal)
in AV associated near- the tips of propellers, so any added
diameter might be of doubtful value. It is not due to any tip
losses associated with high tip speeds and compressibility as
the propeller was riot operated at high RPM and the calculated
compressibility losses for the maximum RPM tested were zero.
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J1 Figure 54 presents typical variations of the wake velocity:1 ratios for the Transcendental propeller at a blade angle ofT200. Although no analysis of this configuration is performed

T: due to its thrust deficiency, the above variations are given
i for comparative purposes. it is again noted that curves were

faired through the measured velocity ratios with much greater
emphasis on values obtained nearest the few static pressure
tubes so although points are ignored it is justifiable and
more indicative of the true velocity ratios. The Transcendental
velocity ratios at Vo '- 94 ft/sec indicate this propeller is
not quite as efficient as the GAC wake propeller in "filling
in" the wake except at the highest RPM, which incidentally was
extended during the tests from a programmed value of 5000 RPM
to 8000 U1P11 to provide sufficient thrust for thrust equals
drag. At Vo 1• 40 ft/sec the Transcerdental propeller
deficiency is immediately noticeable as even the curve for the
maximum value of 8000 RPM does not attain a velocity ratio of
one, As noted previously the Transcendental propeller did not
produce sufficient thrust at this velocity for T = D ard this
is reflected in the plotted wake velocity ratios.

d. Drag Eva] nation from Wake Measurements

Theavaluation of drag from measurements in the wake is derived
fron c :ls ical t) I) -•, , to

agreemuntt w th convrntlonai drag mneasuvemen Ls. The theories
and equations have been extensively presented in Reference (b)
and only the final equation from this analysis will be
utilized to perforil the integration of the measured wake
velocities and pressures. The equations derived and presented
in Reference (b) are

.
or

where. Cw - drag coefficient determined from integration

of wake

111, : local total head or pressure in the wake

L local static pressure in the wake

I= CONFIDENTIAL
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iq0 freestream dynamic pressure (tunnel q)

Po freestream static pressure or static pressure in the
a• wake infinitely far downstream

U. VL = local velocity in the wake

Vo = freestream velocity (tunnel V)

r = radial distance from center of wake or extended
center line of hull

rw = limit of integration or radius of wake (taken as
24 inches which is the height of the rake used and
generally equal to or greater than rw)

The second term in the parenthesis within the integral is the
correction due the fact that in wake measurements close to a

t: body the local static pressure is not uniform and has not yet
attained its freestream value. Unfortunately, the tunnel
static pressure utilized in tunnel velocity and dynamic
pressure measurements were not measured separately so a
reasonable substitution must be made. The best values to
which there was ready accessibility were the static pressures

; :" ,' 1''' ": 1.1 , , ' ; - , . ! ,11i" i ' I " t1 :'1 1

the plotted static pressure evaluatLons of Figure 48 do not
particularly indicate an asymptotical approach at the 24 inch
location this value is considered the best. available with the

[ realization that some error's could result from its utilization.

Wake integrations were conducted for the two propeller - off

conditions available and the results are:

Clw = .0144 for 16TP, V - ll2-ft/-see,--q0- -14.90 lbs/ft 2

If the increase in VL/V at radial station 0 is ignored d-di

the curve faired into a more reasonable point the value
becomes:

CN -= .0150 for the 16TP.

SCDW = .0239 for 20TP., Vo 0  135.3 ft/sec, qo = 21,8 #/ft2

Since the wake measurrments were obtained in a region relatively
unaffected by the car, support strut, and tails it can be
concluded that the wake integr:1tion actually gives the value
of the bare hull drag coefficient. Therefore, for comparative
purposes, the drags obtained from the wind tunnel balance
(force data) must be reduced by the magnitude of the car and
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•: •inaccuraeies in the wake data and/or the force data, but +iit is not within the realm or purpose of this report to

',: eompletely evaluate these differences. The drag of the•

bare hull obtained from the force data does indicate a
logical variation with Reynolds number with no apparent
effects of transition or laminar flow at the lower
velocity.
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F. Wake Prope•ler Conclusions

The purpose of the wake propeller tests was to substantiate or
prove that such a propeller designed by methods established in
Reference (b) would actually produce the efficiencies predicted
by these theoretical means and would prove superior to conventional
propellers in the propulsion of airships without seriously affecting
the stability and control.

The failure of equipment required to measure the drag with the best
accuracy hampered the efforts to pro7ve the theories beyond a shadow
of a doubt. However, the evaluations substituted show that for the
design conditions, the predicted efficiencies (•7 e = 98%) were
attained or exceeded in 3 out of 4 of the substituted evaluations.

It is also concluded that the operation of a wake propeller does not
change the stability or control of the airship to any measurable
degree for most airship attitudes and flight conditions.

The effect of pitch or angle of attack on the wake propeller
efficiency is small (less than +5%) up to Q( =- 50 and at

CX. = +100 the maximum decrease is in the order of 8 to 10
percentage points which would result in an efficiency for the
wake propeller that is still hifhiur than conventional r)ronellers
at z-,:'p: ia .

The effect of elevato- d!'flection on the wake rpropeller efficiencies
is negligible for small deflections and are leu;s than a 5% decrease
at e =200.

The GAC wake pxmpeller is superior to the Transcendental propeller
tested in that th, latter prupeller dlu not produce sufficient
thrust for thrust equal drag at the higher velocities.

CONFIDENTIAL
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• IV. COMPARATIVE ANALYSIS OF VARIOUS PROPULSIVE ARRANGEMENTS

i'iAerodynamic tests and evaluations of four propulsive systems for an
•!: airship have been completed and an analysis of their comparative

' characteristics and advantages is necessary to comple+-e the requirements
i of the subject contract. The results of such an analysis should be the

selection of an optimum or best propulsive system for application to
future airships or other vehicles of a similar nature. In this respect,

S ~it must be noted that the optimum or best propulsive system is also a
function of the specific mission that the airship is expected to perform.

This report will summarize the aerodynamic qualities of the four configu-rations investigated with regard to performance, stability, and control.

6ince the Transcendental configuration, as noted in previous sections of

" ~this report, did not measure up to expectations in that it would not
,, produce the necessary thrust at higher airship velocities it will not be
I included in this comparative analysis. A redesign of this propeller with
i greater solidity might possibly result in a configuration that could
,[ produce sufficient thrust and efficiencies comparable to the GAC wake
S~propeller.

A. Performance Uomparison

It was originally intended to comipa're the car-mounte~i prue~r],].,n[.
[l -.llli-:'''[ll''J'-•;."); i.'°I Lt, an.J uake pr:opoller configuratiot~s on the

:• basis of a specific mission performance profile similar to a full-
Sscale ZPG-3W airship mission. This concept has been abandoned for

two reasons: (1) the effective propeller efficiencies of the GAC
wake propeller could not be determined to the degree of accuracy
required for such a comparison; and (2) the fact that the best per-
fremiance for one type of mission (iteen AE patrol) might result for
one conf igurction which might not produce the best performance for

Sanother type of mission (i.e. AbW search with sonar opera tio nsý-.

Therefore an alternate general nethod of comparison is utilized to
- show the relative performance capabilities of the three systems.
S~Performance as utilized in this report is defined as those factors
J affecting the maximum velocity and the fuel consumption and thus

range and/or endurance of the airshilo The present comparison
S~will be based on the horsepower required to produce various amounts
i ~~~of thrust. And the.. propullsive Pffl'.ciuricies" ' associated with these

thrusts and powers. Data for the conventional (car mounted) and
fin-mounted powerplant configurations are obtained from References

I ~(a) at(! Wi.

The first step in this analysis is the determination of the effective
drag coefficient (CDe), which has previously been defined in Section
T-B-2 of this report, and plottirg the variation Of CDe/CDo against

CONFIDENTIAL
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i~i ¥/nD for the three propeller configurations. Figures 55 and 56

ij

/preoent this infomation for the three propellers at various blade
angles and show the lines for various thrust and drag combinations
"inherent in the definitions of CDe and CDo.

The next step is the calculation of the horsepowers required for
the various conditions of V/nD, ( , T, and D. These results are
plotted in a similar fashion in Figures 57 and 58 for the GAC wake
propeller, the car-mounted or conventional propeller, and the fin-
mounted propeller.

The final items of information necessary for the comparison are the
propulsive efficiencies of the various configurations. It is againiii noted that only relative comparisons are utilized so that the apparent
efficiencies are employed in thn analysis. The apparent efficiencies

of the GAC wake propeller have previously been presented in Figure 20
and the efficiencies for the other cunfiguratiuns are given in Figure
59 as a function of V/nD and blade angle. Figure 60 presents a
comparison of the various propellers and their efficiencies for
several ratios of T and D.
It - h be l...s... re 41,-a.+h ls -. ,-, r all thr~at would beo

S6 j. L U Ur 1AHJAL
0

½ -1

needed to show the differences in performance of the various con-
figurations as the efficiency of a system is of prime importance.

!ouve, p.-mv -usano'e 1~u' 4~ -jV-rtirjii 1ff'-Ieneiesý
rather than1 01 'ct.ve effiieinc iu;, this paraiacte"r i5 sot indicative
of the relative performance.

Since the horsenower measured for a certain condition and its resultant
apparent efficiency does not change when the effectLve efficiency is
determined it can be used as a comparative parameter for performance
purposes. Therefore, Figure 61 is presented which shows the variation
of horsepower required with V/nD for various thrust/drag ratios of

t h hr e- _4znpu •avy~s t~om•nvest. di Dnly__t&1orit] es of
thrust equal to or less than the drag are presented and these variations
are based on data obtained from the preceding figures and from Reference
(a) and (i).

Particular attention is called tq the large circles denoting the horse--
power required for T n D at the maximum propeller efficiency of each
propeller, These points show a 56 reduction in horsepower required
for the fin mounted propeller con.t'iguration in comparison with the
conventional car-mounted propeller, while the GAg wake propeller shows
a 30% reduction in horsepower requi red compared to the conventional
arrangement.

If a general comnarisrn of range or endurance is to be performed a
few simplifying assumptions must be made.

(1) IL is assume(,d based on the measured data, that comp-arable

CONFIDENTIAL
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reductions in horsepower can be attained at all velocities
since the above values were given for T D.

(2) A stern propulsion unit would consist of two normal ZPG-3W
a[airship engines geared together or a single engine of higher
horsepower rating having similar fuel consumption characteristics.

Both range and endurance of an airship are functions of the fuel flow
in lbs/hr which in turn is a function of the horsepower and the brake
specific fuel consumption (B.S.FUC). The B.S+F+Co variation with
horsepower for an engine such as used on the ZPG-3W airship is very
slight for normal cruising horsepower and might be assumed as a
first approximation to be cons! ant over the range of horsepower coni
sidered. Therefore, since the car-mounted and fin-mounted powerplant
configurations have practically the same horsepower requirements, it
can be concluded that the Wake propeller configuration would have
approxitately T30 greater range or endurance than the other configu-
rations. With respect to a normal AEW mission for ZPG-3W airship
this could represent an increase in endurance in the order of 25
hours.

The full potentialities of a wake propeller configuration can only
be realized if it is the sole source of propulsion but this introduces
many complicating factors. Although this report is only intended as
an Aerodynamic Analysis, which shows a .30 percent advantage in range
or endurance, the disadvantares of the s9,,.tem should be noted. The:i' . ,. .*j~ w t j I .P l h

following general disadvantages-

(a) Necessity for, almost constant blower operation of the air
system since the scoopa7 wc I i not have the advantage of
slipstream ram pressure.

(b) Loss in reliability, versatility and safety due to the use of

only one engine.

(c) Maintenance and inspection problems.

In any actual wake propeller connfiguratior, additional engines would
probably be provided in the conventional location to solve some of
the above problns. Although these cnines and the stern engine
could then be smaller (have reduced horsepower requirements) the
over all result might possibly be a weieht penalty and a retdnat.inn
in maximum endurance compared to the wake propeller alone even
thqugh the wake propeller alone were used for maximum cruise performance
The added cost, complexity and mainl~enance problems for an actual full-
scale vehicle would have to be judged on the basis of the gain in
endurance, higher maximum velocity obtainable, and the more efficient
and satisfactory crew performance during long missions due to the
"reduced vibration and noise ievel associated with the remote propeller
and engine location.

5 CONFIDENTIAL
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In regard to the increase in maximum velocity for the wake propeller
F. configuration, it has been shown that the predicted efficiency of

"•e = .98 has essentially been substantiated. F igure 59 indicates
p Ia maximum efficiency of approximately 73 percent for the conventional

or fin-mounted powerplant configurations. Therefore, assuming equal

drag and the same horsepower,the velocity increase would be governed
by the ratio of the efficiency changes to the one-third power.

"L MAX] WAKE .73PROP PROP

3/
MAXCONV l•i. 3742

PROP

VMA 'AK 1.10 VMAX

It could be expected that a maximum velocity increase for a pure
wake propeller configuration would be in the order of 10 percent.

In conclusion, the pure wake propeller configuration would produce
a 30 percent increase in rarne or endurance and/or a 10 nercent

l i l, :!1z-.i 1I'rll V,' O .- ', V ' . (A " le ".-urI, IN valuc2. 1o01 thie

conventional or fin-mounted Powern]i nt configurations.

B. Stability and Control Comparison

It has previously been shown that the aerodynamic characteristics in
pitch of the wake propeller configuration are not significantly
affected by th- propeller operation and that the magnitude and slope
of the lift and pitcning moment curves are similar to the same curves
at zero power for the conventional or fin-mounted powerplant models.
Therefore, since the rotary derivatives in pitch would be the same
for all. models at zero power, it can be concluded that the dynamic
stability, as ciilcu].ated b1y the stability Index and criterion
utilized in Reference (a), is identical to the conventional car-
mounted powerplant configuration at zero power.i

Reference (a) also shows that the effect of conventional car-
mounted propellers on the longitudinal dynamic stability index is
negligible or zero and therefore it and the wake propeller configu-
ration have equal longitudinal dynamic stability. The effect of
power on the longitudinal dynamic stability index of the fin-
mounted powerplant configuration is significant as shown in
Reference (a). The following table presents a comparison of the

CONFIDENTIAL
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', longitudinal dynamic stability for the three configurations with a

typical power condition for the fin-mounted configuration utilized.

Longitudinal Dynamic Stability comparison

Including Power Effects
1/20-Scale Powered WindTinnel Model _

Powerplant Car-Mounted Wake Propeller Fin-Mounted
Configuration (Any T") (All Powers) T" = 0.5

CmL (W') 0.659 0.659 0.459

CL. (n') 0.716 0.716 0.802
1/3

Cm q(V/Y1) (i") -2.110 -2110 -2.273
iq /3

C L(V/ ) (n") 1.180 1.180 1.320

2 kX 2.175 2.175 2.175

1 -0.393 -0,393 -0.658

in the above table, the longitudinal stability index, I, is
"given by the following equation:

n'"- in"fl
+= nm + 2

2 kX

It is apparent that the dynamic stability (including power effects)
of the fin-mounted powerplant configuration is superior to either
the conventional or wake propeller configurations at any power.

6ince power or propellers did not affect the lift or moment slopes
due to elevator deflection for the wake propeller or car-mounted
powerplant configurations it can also be concluded, as shown in
Section VII-C - Addendum I of Reference (a). that the fin-mounted

A configuration is also superior in longitudinal control power due
to the slipsnt•am effct of the propellers on the control surfaces.

Although lateral aerodynamic characteristics in yaw fnr the wake
propeller configuration were not measured it is not belieed that
any power effects would be obtained since none were obtained in
pitch. Therefore, the fin-mounted powerplant has the same increase
in lateral stability and control as shown in Section VII-B and C -

Addendum I of Reference (a).

CS~CON FIDENTIAL.
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Therefore the effects of power (and/or slipstream effecte)
result in superior dynamic stability and control charaoteriat ice
for the fin-mounted powerplant configuration as compared to the
conventional car-mounted powerplant configuration or the wake
Spropeller configitrption, The degree or magnitude of increased
Sstability and/or ontrk is usually a relative number but based
on data from Reference (a) relative values of approximately a

.60% increase in longitudinal dynamic stability and a 30 to 40
percent increase in longitudinnl control power might be used
to illustrate the relative increases, but extreme caution is
recommended when quoting such values in order not to imply
near perfect stability or completely adequate control power for
all conditions of flight.

CE
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0I C, co=l .ion and Reaomaendationsj 1, An airshippowered by a wake propeller only would have a8pproximaely

30 peroent greater range or endurance than a conventional or fin-
•;mounted powerplant airship of the same size.

2. The maximum velocity of an airship with a wake propeller would be

at least 10 percent larger than a similar conventional or fin-

mounted powerplant airship.

3. A wake propeller airship would exhibit the same dynamic stability
and control characteristics as a conventional airship, and, like

it, would not be significantly affected by the propeller operation.

4, The fin-mounted powerplant airship shows superior stability and

control characteristics compared to either the wake propeller or

the conventional car-mounted configuration,

5. For any future airships its primary mission would probably dictate

the most optimum propulsive oonfiguration, as a wake propeller
configuration would be best for missions where long range or endurance

is required (i.e. AEW patrol) while a fin-mounted powerplant con-
figuration would be superior where greater control is a prerequisite
(i.e. ASW missions or sonar dunking or towing).

00 A dutikiled ude:3iLn and porformor 1.noo study must be made of any actua!

full-scale airship wake propeller configuration in order to determine

the net gain in endurance or range since the increase quoted in No. 1

would possibly not apply to a mixed-powerplant configuration and it

is even possible that the weight of a pure wake propeller configuration

might exceed that of a conventional configuration unless considerable
effort was applied to solve some of the attendant problems.

70 The superior stability and control qualities quoted for a fin-mounted

powerplant configuration are only obtained to the degree noted when

an inverted - "y empennage is utilized and improvements of this

magnitude could not be obtained on an X-tail airship. (This was

previously emphasized and explained in Reference (a)).

_8 It is recoirmended that any further studies be directed to the deter-

mination of weights and powerplant(s) of an actual full-scale airship

with awake propeller so that better information as to the net gain

in performance could be better evaluated,

9. The utilization of a wake propellor that could provide directed

thrust and/or greater low-speed controls as well as inoceased endurances

should also be seriously considered for any future airship regardless
of its primary mission.

A
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